Regulation of neural stem cell (NSC) fate decisions is critical during the transition from a multicellular mammalian forebrain neuroepithelium to the multilayered neocortex. Forebrain development requires coordinated vascular investment alongside NSC differentiation. Vascular endothelial growth factor A (Vegf) has proven to be a pleiotrophic gene whose multiple protein isoforms regulate a broad range of effects in neurovascular systems. To test the hypothesis that the Vegf isoforms (120, 164, and 188) are required for normal forebrain development, we analyzed the forebrain transcriptome of mice expressing specific Vegf isoforms, Vegf120, VegfF188, or a combination of Vegf120/188. Transcriptome analysis identified differentially expressed genes in embryonic day (E) 9.5 forebrain, a time point preceding dramatic neuroepithelial expansion and vascular investment in the telencephalon. Meta-analysis identified gene pathways linked to chromosome-level modifications, cell fate regulation, and neurogenesis that were altered in Vegf isoform mice. Based on these gene network shifts, we predicted that NSC populations would be affected in later stages of forebrain development. In the E11.5 telencephalon, we quantified mitotic cells [Phospho-Histone H3 (pHH3)-positive] and intermediate progenitor cells (Tbr2/Eomes-positive), observing quantitative and qualitative shifts in these populations. We observed qualitative shifts in cortical layering at P0, particularly with Ctip2-positive cells in layer V. The results identify a suite of genes and functional gene networks that can be used to further dissect the role of Vegf in regulating NSC differentiation and downstream consequences for NSC fate decisions.
INTRODUCTION
The neocortex is a highly ordered six-layered structure, the development of which is dependent upon an outward expansion of forebrain neuroepithelium accompanied by blood vessel investment from the outer pial surface. It is from the neural stem cell (NSC) populations within the neuroepithelium that the majority of neural and glial derivatives of the central nervous system (CNS) arise. Identification of the key molecular regulators of these developmental transitions continues to be an ongoing area of research, particularly with regard to the multilayered cortex (Pierani and Wassef, 2009; Borello and Pierani, 2010) . The angiogenesis that accompanies the expansion of the neuroepithelium is as tightly regulated, spatially and temporally, as the generation of NSCs James and Mukouyama, 2011) . Essential to the coordination of both neurogenesis and angiogenesis is the regulation of cell survival, cell proliferation, polarity, differentiation, and migration, as directed by a reservoir of growth factor and extracellular matrix (ECM) signals within the cellular microenvironment (Sobeih and Corfas, 2002; Hynes, 2009) . One growth factor that has been directly implicated in both angiogenesis and neurogenesis is Vascular endothelial growth factor A (Vegf). In recent years, an expanded role for Vegf has been suggested based on its potential to directly affect neuronal survival and proliferation in vitro and in vivo (Jin, 2002; Zhu et al., 2003; Sun et al., 2006) , and migrating neural progenitors in the cerebellum (Ruiz de Almodovar et al., 2010) .
One of the most intriguing aspects of Vegf as a dual regulator of both neurogenesis and angiogenesis in the developing CNS is the fact that Vegf A transcripts can be alternatively spliced to generate a variety of isoforms that differ in their biochemical and signaling properties (Matsumoto and Claesson-Welsh, 2001; Krilleke et al., 2009; Koch et al., 2011; Mackenzie and Ruhrberg, 2012) . While several splice variants have been identified, the predominant isoforms in the mouse brain are 120, 164, and 188 (Ng et al., 2001; Ruhrberg et al., 2002; Ruiz de Almodovar et al., 2010; Darland et al., 2011) . These isoforms differ in amino acid number and composition resulting in a differential ability to bind heparin and heparan sulfate proteoglycans (HSPG) within the microenvironment as well as their ability to associate with the ECM. The Vegf120 isoform lacks the HSPG binding domain normally coded for by exons 6 and 7 and is thus freely diffusible throughout the extracellular microenvironment (Krilleke et al., 2009 ). In contrast, the Vegf188 isoform contains the full HSPG binding domain and is locally retained within the microenvironment. Vegf164, the primary Vegf isoform in the brain, contains a partial HSPG-binding domain and has the potential to be locally retained as well as diffusible (Houck et al., 1992; Park et al., 1993; Ferrara, 1999) . Vegf protein has been localized to radial glia, neurons, and vascular cells of developing human fetal telencephalon (Virgintino et al., 2003) , supporting a role for this multipotent factor at several levels in developing cortical neuroepithelium.
Less is known, however, about the role of Vegf in the differentiation, proliferation, and survival of NSCs, such as radial glia, a cell type gaining appreciation for its role as a neural precursor Heins et al., 2002; Gotz and Barde, 2005; Mori et al., 2005) .
Given the contextual overlap between neurogenesis and vascular development, it is critical to investigate the regulatory role of Vegf, a factor potentially impacting all the cell types involved. Lines of mice expressing individual or combinations of Vegf isoforms have been established that display abnormalities in a range of developing organ systems Ng et al., 2001; Stalmans et al., 2002; Ishida et al., 2003; Ruiz de Almodovar et al., 2010; Darland et al., 2011) . Taking advantage of these mice, we examined neural stem cell differentiation in the presence of altered Vegf isoform profiles in mice expressing only Vegf120 (120/120), only Vegf188 (188/188), or both Vegf120 and 188 (120/188). As the Vegf164 isoform is the predominant form in the early forebrain (Darland et al., 2011) , these Vegf isoform mice represent both loss of function (in the form of the Vegf164 allele) as well as altered localization based on the differential distribution of the Vegf isoforms in the microenvironment. The Vegf120/188 mice represent a putative functional rescue as the combination of isoforms provides both a local source of Vegf, the nondiffusible Vegf188, and a diffusible source in the non-HSPG binding Vegf120. We have previously shown that Vegf120 mice, lacking Vegf isoforms Vegf164 and Vegf188, have decreased Pax6 mRNA expression at embryonic day (E) 9.5 in conjunction with decreased proliferation in neuroepithelial cells along the ventricular zone border (Darland et al., 2011) . However, we did not observe a quantitative reduction in Tbr2positive cells at E11.5, suggesting that Vegf120 alone is sufficient to support formation of this early neuronal source population. Tbr2-positive cell populations contribute directly to formation of the upper neocortical layers (Hevner et al., 2001; Waclaw and Campbell, 2009; Bedogni et al., 2010) . Changes affecting cell fate choice, whether to differentiate or proliferate, at any of these critical points could have profound effects on later neocortical layering specification (Hevner et al., 2001; Sessa et al., 2008) .
In the current study, we have used mice expressing single or combinations of Vegf isoforms to investigate the effects of altered Vegf localization on developing cortical neuroepithelium. In essence, we used these mice to change the microenvironmental distribution of Vegf isoforms and assess the impact of these changes on the transcriptome profile as well as the subsequent effects on proliferation and differentiation in forebrain neuroepithelium. We propose that Vegf isoforms play a key role in modulating the coordinated investment of vasculature in the CNS along with the differentiation and proliferation of NSCs in the forebrain.
MATERIALS AND METHODS

Generation of Mouse Embryos and Genotyping
Vegf188, Vegf120, and Vegf120/188 transgenic mouse lines have been described in , Ng et al. (2001), and Stalmans et al. (2002) . Vegf120/188 embryos were generated by crossing Vegf188 heterozygotes or homozygotes with heterozygous Vegf120 mice. Timed-pregnant mice (plug date, day 0.5) were used to generate embryos at E9.5 and E11.5. Postnatal day zero mice (P0.5) were collected within 12 hours of birth. Genotype was determined using purified genomic DNA obtained from tail cuts and standard PCR protocols described in (Carmeliet et al., 1996 Darland et al., 2011) . This study followed the NIH recommended guidelines for the care and use of animals in research and was approved by the University of North Dakota Institutional Animal Care and Use Committee (#0807-1c; #1204-3c).
Microarray and Differential Gene Expression Analysis
The two dorsal anterior bulges of the E9.5 telencephalon were dissected away from the forebrain with the top of the presumptive nasal process as the most anterior anatomical marker and the forward process of the diencephalon as the most posterior anatomical marker. The optic cup was not included in the dissected material and pial vessels were peeled away where possible. Total RNA was purified from the microdissected telencephalons as described in (Darland et al., 2011) . Samples from two wild type, four Vegf188, and three Vegf120/188 were submitted to Genome Explorations Inc. (Memphis, TN) for processing and preliminary analysis. The RNA concentration was determined from the OD260/280 ratio and quality determined by capillary electrophoresis on an RNA 6000 Nano Lab-on-a-Chip kit and the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA); 15 lg of biotinylated cRNA were hybridized for 16 hours at 45˚C on the GeneChip 430.2 mouse array (Affymetrix; GPL1261). GeneChips were washed and stained with streptavidin-phycoerythrin using the Affymetrix Fluidics Station 450, according to the manufacturer's protocol. Hierarchical clustering analysis was conducted using the PLIER (Therneau and Ballman, 2008) values for genes that were differentially changed at least 0.5 fold with t-test values 0.05. The log2-transformed values were mean centered prior to clustering analysis by the farthest neighbor method with Euclidean distance and Pearson Correlation as the similarity metrics. Previously published gene array data for wild type (n 5 4) and Vegf120 (n 5 4) E9.5 mice were also included in the overall analysis and batch adjusted to account for temporal variation in runs [(Darland et al., 2011) ; GEO record GSE30767].
Microarray Meta-Analysis
Data from six E9.5 and four E11.5 wild-types microarrays. CEL files, from Hartl et al., 2008, were downloaded from the Gene Expression Omnibus (GEO record GSE8091) and were compared against our microarrays (six E9.5 wild types, four E9.5 Vegf120, four E9.5 Vegf188, and three E9.5 Vegf120/188 mice; four of the E9.5 wild types and the four Vegf120 arrays were taken from [Darland et al., 2011; GEO record GSE30767] . The E9.5 microdissection described by Hartl and coworkers (Hartl et al., 2008) was comparable to our method and the resulting transcriptomic analysis showed similar arrays of genes expressed in the multiple batches of E9.5 wild-type samples. Principal components analysis revealed a batch variation effect, so raw expression values from all arrays were PLIER normalized and Log2 transformed. A MAS5 algorithm (Hubbell et al., 2002) was used to generate presence/absence calls for each gene, and probes with less than two "presence" hits were removed from further analysis. Samples were batch normalized using a nonparametric empirical Bayes approach with a multivariate model (batch, age, and genotype) using the R-script ComBat.R (Johnson et al., 2007) . The BAMarray freeware (Ishwaran et al., 2006) was used to run a Bayesian-modeled ANOVA to test for significance using the E9.5 wild types as a baseline for comparison. Genes detected as significantly different from wild type were based on an adaptive test statistic that compared the increasing distance of the Zcut from zero as well as the posterior variance as it approached one. The Affymetrix annotation numbers for genes that were differentially expressed among the Vegf isoform samples relative to wild type were uploaded onto the Database for Annotation, Visualization, and Integrated Discovery (DAVID) and the enriched clusters identified with the mouse genome as the population background (Huang da et al., 2009a,b) . The geometric mean of all the enrichment values for each gene per cluster is expressed as the enrichment score. The Expression Analysis Systematic Explorer (EASE) score is expressed as a p value (determined from a modified Fisher's exact test) (Hosack et al., 2003) and reflects the significance of the enrichment score as a representation of a functional gene group relative to the expected representation based on the population background. Gene functional categories and individual networks of interest were identified based on high stringency settings and the EASE score (Hosack et al., 2003) . Differentially expressed genes (DEGs) from key clusters were run through the Search Tool for the Retrieval of Interacting Genes (STRING 9.0; http://string-db.org) (Szklarczyk et al., 2011) to build interaction networks linking functional groups as well as individual genes.
Amplicon Sub-Cloning and Quantitative Real-Time PCR
Quantitative real-time PCR was performed with SybrGreen detection on a StepOne Real Time PCR System (Applied Biosystems). Primer pairs were designed for each target and optimized for GC content (45-50%), base pair length (20-26 oligonucleotides), melting temperature (54-60˚C), and amplicon size (75-450 bp). Primer pairs were designed for each target gene and optimized using Primer Express Software (Applied Biosystems) and were selected based on minimal hairpin and dimerization secondary structures using Oligo Analyzer (Integrated DNA Technologies, Coralville, IA). The mRNA FASTA sequences were taken from the Entrez Gene website (http://www.ncbi.nlm.nih.gov/sites/entrez) and compared against those found on Ensembl Mouse Gene Viewer (http://www.ensembl.org/ Mus_musculus/index.html); see Supporting Information Table 1 for Primers). Target product was amplified from E9.5 and E11.5 wild-type neuroepithelium cDNA and subcloned into TOPO-TA-Sequencing (Invitrogen). Cloned products were sequence confirmed using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) on an ABI Prism 3100 Genetic Analyzer. Validated products were amplified off the plasmid, gel purified (Qiagen), and quantified with a Nanodrop spectrophotometer. The analysis approach was based on the previously published protocol (Rhen et al., 2007) with modifications as described. Purified DNA product for each primer pair was used to generate seven-step standard curves plus a no-template control (only correlation coefficients of 0.98-0.99 were used), and the amplification efficiency was determined from the slope of the standard curve using the formula: log 10 [-1/slope] -1. The efficiencies for the primers used ranged from 85 to 100%. The C T of the product was corrected using the efficiency value determined for each primer pair, and a melting curve was included in the run to check for uniform product formation based on the sequence-confirmed amplicon. This approach was used to calculate the amount of target cDNA, relative to the standard curve, transcribed from the mRNA for a target gene, and expressed in attograms of DNA per 2.5 ng total RNA loaded into the original cDNA synthesis reaction. Amplification of 18S rRNA and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) or 18S rRNA alone were run for each cDNA sample in parallel and run as a covariate in the analyses to control for variation in transcription efficiency and sample-to-sample variation. For comparison of qPCR and microarray data, we used the log2 values for the fold change relative to wild type and did linear regression for comparison. General statistical analyses were conducted using R (http://www.R-project.org), JMP (SAS Institute, Inc., Cary, NC), and GraphPad Prism 4.0 (GraphPad Software, Inc., La Jolla, CA).
Immunolabeling
Embryos were fixed in buffered 3.7% paraformaldehyde and equilibrated to 30% sucrose. Cryosectioning of Neg 50 (Fisher Scientific/Thermo Scientific, Pittsburgh, PA) embedded tissue was cut with a Leica HM550 cryostat and immunolabeling completed as described (Darland et al., 2011) . In brief, sections were blocked and permeabilized in 3% donkey serum, 2% goat serum (Vector Laboratories, Burlingame, CA), 0.1% Triton X-100, and 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) overnight at 4˚C. The primary antibody incubation was 2 hours at room temperature or overnight at 4˚C. The absence of primary antibody or use of species-matched immunoglobulins were used as negative controls. Rabbit polyclonal antibodies were phospho-histone H3 (pHH3, 1:200, Upstate Biotechnology, Lake Placid, NY), Tbr2, and Ctip2 (1:400, Abcam, Cambridge, MA). For colormetric detection, biotinylated secondary antibodies (Goat anti-rabbit~biotin, 1:200; Jackson Laboratories) were incubated for 45 minutes at room temperature, followed by Vectastain Elite ABC horseradish peroxidase staining as per the manufacturer's protocol. The immunolabeled sections were counterstained with methyl green. For immunofluorscent detection of primary antibodies, fluorochrome-coupled secondary antibodies were incubated in block solution for one hour at room temperature (cy3, 1:200; Jackson Immunoresearch Laboratories, West Grove, PA). Nuclei were labeled with DAPI (Sigma Chemical Company, St. Louis, MO).
Design-Based Stereology
Design-based stereology was used to quantify pHH3-or Tbr2-positive nuclei as described (Darland et al., 2011) . In brief, sections from six E11.5 wild type, four Vegf120, three Vegf188, and six Vegf120/188 mice were serially sectioned in the parasagittal plane at 30 mm with a tensection interval. Primary antibody positive nuclei and total nuclei were counted using an Olympus BX51WI microscope with a motorized XYZ stage. Quantification was done using the Optical Fractionator workflow in StereoInvestigator 9.0 (Microbrightfield, Inc., Williston, Vt). For the pHH3 counting, the contour outlined the neuroepithelium within 100 mm of the ventricular surface of the forebrain. For the Tbr2 counting, the contour outlined the pial and ventricular surface of the forebrain. Positive nuclei and total nuclei were counted in every 10th section in systematically selected frames based on optical dissector frames and grid sizes empirically determined for each counting paradigm so that the coefficient of error was less than 0.1 (10%). The total numbers were estimated with the optical fractionator formula as previously described (Darland et al., 2011) . Neuroepithelial volume was measured based on the total tracing area, the actual z-plane measured section thickness (to account for tissue shrinkage), and the section interval. The statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc., LaJolla, CA) or JMP (SAS Institute Inc., Cary, NC). Comparisons between wild type, Vegf120, Vegf188, and Vegf120/188 mice were run using standard analysis of variance (ANOVA) with Dunnett's post hoc test for comparisons of Vegf isoforms against a wild type baseline. Data shown are the mean 6 the standard error of the mean (SEM) with the number of replicates indicated in the figures legends.
Protein Quantification and ELISA Assays
Forebrain (presumptive telencephalon) and midbrain (presumptive diencephalon, including the ganglionic eminence) tissue from E11.5 embryos was microdissected and triturated in modified RIPA lysis buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing a cocktail of protease and phosphatase inhibitors (Sigma) and passed through 18 and 23 gauge needles to disrupt cells and shred genomic DNA. Nonsoluble material was separated from the lysed material with a 10-minute centrifugation at 20,000 rcf and samples were stored at 280˚C. Total protein from E11.5 brain tissue was determined with a Bio-Rad R C D C Protein Assay and loaded at the appropriate concentration for each ELISA detection assay. For detection of VEGF protein, 50 mg of total protein was loaded in a VEGF ELISA kit (R & D Systems) with the assay conducted following manufacturer's instructions. The VEGF levels in E11.5 lysate samples were determined using a VEGF standard curve starting at 500 pg diluted to 1:1 seven times. The r 2 for the standard curve was 0.9992, and the slope used to calculate the unknown concentrations within the linear range of the assay. Values are expressed as pg Vegf/mg total protein in the assay.
Western Blot
Protein lysates (10 mg) from the forebrain of E11.5 embryos were run on 4-20% SDS-PAGE gels (BioRad) and transferred to a nylon membrane with total protein determined by BioRad Protein Assay. The membranes were blocked overnight at 4˚C with 5% nonfat dry milk, 0.05% Tween 20, in Tris-buffered saline (TBS). Membranes were incubated with Caspase 3 (1:1000, Catalog # 9662; Cell Signaling Tech, Beverly, MA) primary antibody diluted in TBS-tween for 1-2 hours at room temperature. Membranes were incubated with an alkaline phosphatase conjugated 2å ntibody (Sigma) for one hour at RT. Bound antibody was visualized using CDPStar (Fisher Scientific, Pittsburgh, PA) as the enzyme substrate and emitted light captured with the UVP Imaging System (BioRad). Band pixel density was determined using ImageJ software (freeware available through National Institutes of Health website).
RESULTS
Previous studies have established that Vegf and its isoforms are expressed throughout the neuroepithelium in early cortical development. In situ hybridization studies have localized Vegf expression in the neuroepithelium throughout embryonic cortical development (Dumont et al., 1995; Breir et al., 1995; Ferrara et al., 1996) . Mice expressing the lacZ gene under the control of a Vegf promoter demonstrated nuclei positive for Vegf expression throughout the forebrain neuroepithelium in E9.5 mice (Darland et al., 2011) . Expression of the Vegf isoforms Vegf120, Vegf164, and Vegf188 has been detected by qPCR in the forebrain at E7.5, E9.5, and E11.5 (Darland et al., 2011) with Vegf164 as the primary isoform expressed at E9.5. We used Vegf ELISAs to compare total levels of Vegf protein in the forebrains of wild type, Vegf120, Vegf188, and Vegf120/188 mice at E11.5. We found that there was no statistical difference in total Vegf protein among any of the Vegf isoform mice relative to wild type (Supporting Information Fig. 1) .
To clarify the role of Vegf and its predominant isoforms in early cortical development, we took the approach of analyzing transcriptome-level changes associated with altered Vegf isoform expression in the forebrain. This allowed us first to determine which genes were expressed in E9.5 neuroepithelium and then to identify possible regulatory networks developmentally linked downstream of altered Vegf expression. To this end, we isolated early neuroepithelium, removing the majority of surrounding pial vasculature from E9.5 wild-type mice as well as mice expressing the Vegf188 isoform only, or a combination of the Vegf120 and Vegf188 isoforms (Vegf120/188). We chose the E9.5 time point to look at shifts in gene expression attributable to the changes in available Vegf isoform profile independent of vascular investment within the neuroepithelium of the forebrain. At E9.5 the pial vessels have elaborated on the surface of the developing forebrain, but significant sprouting into the primitive telencephalon does not occur until E11.5 (Bar, 1980; Risau, 1997; . Therefore, the E9.5 time point represents a period during which the cells within the neuroepithelium are relatively homogenous, as the NSCs have yet to begin the rapid differentiation that occurs at later time points and the periventricular vasculature has not been elaborated. We did not detect shifts in VegfR2 (Kdr) or VegfR1 (Flt-1) in the microarray.
To our knowledge, these microarrays represent the first transcriptome-wide assessment of the effects of Vegf misexpression in the primitive forebrain with the Vegf188 and Vegf120/188 isoform mice. To be as comprehensive as possible, we included previously published transcriptome data from Vegf120 and wild-type arrays [(Darland et al., 2011) ; GEO record GSE30767] in our analysis. We conducted ANOVA analysis on PLIER-and batch-normalized array data sets from wild type and Vegf isoform mice to generate a heat map quantifying differentially expressed genes (DEG) (Fig. 1 ). With this analysis approach, genes were identified based on a Log2 fold change greater than 0.5 and a p value of 0.05 or less. Based on this preliminary analysis, we identified genes that were differentially expressed between wild type and Vegf120 (112 genes), Vegf188 (140 genes), and Vegf120/188 (152 genes). The annotated gene lists and their fold change relative to wild type in the array are provided in Supporting Information Table 2 . The patterns of gene expression were quite distinct among samples from mice differentially expressing Vegf isoforms, with different gene clusters downregulated in the Vegf120 and Vegf188 mice, relative to the wild-type mice. The pattern for the Vegf120/188 mice appeared intermediate between the Vegf120 and Vegf188 mice rather than a recapitulation of the wild-type expression pattern.
In a separate, more in-depth approach to analyzing the microarray data, we conducted a Bayesian analysis on batch-and PLIER-normalized data sets to potentially elicit additional differential gene expression patterns and enriched gene functional clusters. We chose this approach based on its ability to reduce the false discovery rate while maintaining acceptable statistical power in a highly dimensional data set with multiple batches (Ishwaran and Rao, 2008) , as well to increase our statistical confidence in shifts in gene expression with low fold change. We compared our E9.5 wild-type samples to each of the E9.5 Vegf isoform samples, as well as E9.5 and E11.5 wild types that had been previously published for a comprehensive early forebrain transcriptomic analysis by Hartl and coworkers (Hartl et al., 2008) . This comparison included our E9.5 wild types, Vegf188 and Vegf120/ 188 samples (n 5 2, n 5 4, and n 5 3, respectively), and previously published E9.5 wild types, E11.5 wild types, and E9.5 Vegf120 samples (n 5 10, n 5 4, and n 5 4, respectively). The shrinkage plots generated by BAMArray analysis show differential gene expression as a Zcut (modified z-score) relative to the posterior variance of the comparison [Fig. 2(A-D) ]. In the Vegf120 mice, we observed 285 genes that were upregulated and 407 genes that were Figure 1 Transcriptional profiling of embryonic forebrains from E9.5 Vegf isoform mice reveals differential expression patterns for single versus dual expressing isoforms. Differentially expressed genes from Vegf188 (blue circles), Vegf120/188 (yellow circles), and Vegf120 (red circles) E9.5 forebrains were compared to wild type (green circles) samples using the Affymetrix mouse genomic chip 430.2 array. The log2-transformed PLIER values were row mean centered, and the Complete Linkage algorithm based on a Euclidean Distance similarity metric was used to generate the heatmap for relative signals. Differentially expressed genes were identified based on a Log2 foldchange 0.5 and ANOVA p value 0.05. The individual genotype samples were clustered based on a Pearson correlation. Vegf120/188 (yellow, n 5 3) forebrain transcriptomes were clustered between the Vegf120 and Vegf188 transcriptomes, implying that the Vegf120/188 expression profile differs significantly from wild type (green, n 5 6) and was more closely related to the other Vegf isoform mice. The Vegf120/188 transcriptome phenotype appears to be a combination of the Vegf120 (red, n 5 4) and the Vegf188 (purple, n 5 4) transcriptomes, indicating that the presence of both a diffusible and nondiffusible isoform is not sufficient to rescue the wild-type transcriptome phenotype in the absence of the primary Vegf164 isoform. Cluster I shows increased expression in the wild-type mice compared to the three isoform mice (32 probe sets). Cluster II showed a general decrease in expression in the Vegf188 and Vegf120/188 mice (111 probe sets). Cluster III showed a decrease in gene expression among the wild-type mice (55 probe sets). Cluster IV showed a decrease in expression amongst the Vegf120 and Vegf120/188 mice (83 probe sets). Presence (1) or absence (2) of a Vegf isoform in a particular group is indicated below the heat map. Annotated gene information can be found in Supporting Information  Table 2. downregulated with respect to the E9.5 wild-type samples. The Vegf188 mice showed the fewest genes statistically changed with 260 upregulated genes and 364 downregulated. The Vegf120/188 had the greatest number of genes shifted with 371 upregulated and 1618 downregulated. The E11.5 wild-type mice had 2,895 genes upregulated and 10,667 genes downregulated, a reflection of the dramatic developmental changes occurring from E9.5 to E11.5 in the forebrain. As a control we compared the batch normalized E9.5 wild types from the three different technical batches, including our own (Darland et al., 2011) and that of Hartl and coworkers (Hartl et al., 2008) and found no differentially expressed probes (data included as Supporting Information Fig. 2D ), demonstrating proof of principal for our technical and analytical approaches.
In addition to quantifying the differential gene expression pattern between each of the isoform mice and the wild-type forebrain samples, we wanted to compare changes in gene expression profiles generated between the isoform mice relative to the critical shifts that occurred relative to E9.5 wild types to this end, we generated scatter plots of the Zcut values Figure 2 Meta-analysis of transcriptome shifts of embryonic forebrain in Vegf isoform mice compared against an E9.5 wild-type background. Microarray data from two previously published articles were downloaded from the Gene Expression Omnibus and incorporated into our analysis (Hartl et al., 2008; Darland et al, 2011) . Unprocessed CEL files were downloaded from GEO [six E9.5 wild types, four E11.5 wild types from (Hartl et al., 2008) , and four E9.5 wild type and four E9.5 Vegf120 from (Darland et al., 2011) ] and analyzed with our microarray runs (two E9.5 wild types, four E9.5 Vegf188, and four E9.5 Vegf120/188). All runs were PLIER and batched normalized, presence/absence filtered with MAS5, Log2 transformed, and tested for significance using a Bayesian modeled ANOVA run with BAMarray software and expressed as Zcuts relative to the E9.5 wild types. The genes that were significantly upregulated (red) or downregulated (green) were selected based on an adaptive test statistic that used the increasing distance of the Zcut from zero and the approach of the posterior variance as it neared 1. The shrinkage plots shown are with the Zcut values graphed relative to the posterior variance. Significance is a reflection of distance from the 0 point for E9.5 wild type versus Vegf120 (A), Vegf188 (B), Vegf120/188 (C), and E11.5 wild type (D). Genes that were not significantly changed (blue, Not Sig) center around a Zcut of zero and an increasing posterior variance away from 1. Supporting Information Table 3 contains the specific information on the individual probes and their scores. generated by group for each of the Vegf isoform mice relative to wild type. We then compared each group to each other [ Fig. 3(A-C) ]. The Vegf120 and Vegf188 mice shared 80 DEGs. The Vegf120 and Vegf120/188 shared 107 DEGs while the Vegf188 and Vegf120/188 shared 81 genes [ Fig. 3(D) ]. When the Vegf isoform mice were compared to the E11.5 mice, a large proportion of genes were shifted in the same direction (Vegf120 5 219 genes, Vegf188 5 92 genes, and Vegf120/188 5 662) (Supporting Information Fig. 2A-C) . The differentially expressed genes identified by this approach are listed in Supporting Information Table 3 along with their Zcut score and the direction of change in the array.
To validate our microarray analysis, we performed qPCR on a subset of genes. Genes were selected for qPCR analysis based on the criteria that they were either detected as significantly changed in the micro-array analysis or have a well-established role in neurogenesis based on evidence in the literature. We collected total RNA from the neuroepithelial forebrains of wild type, Vegf120, Vegf188, and Vegf120/ 188 mice using the same dissection as described for the microarray collections. We quantified expression for two reference genes, Gapdh and 18S rRNA; three regulators of NSC proliferation and neurogenesis, Pax6, Neurogenin 2 (Neurog2), and Fez Family Zinc Finger 2 (Fezf2); one neural tube patterning morphogen, Sonic hedgehog (Shh); and two epigenetic modifiers, Suppressor of Zeste 12 (Suz12) and DNA (cytosine-5-)-methyltransferase 3 alpha (Dnmt3a). ANOVAs using the reference genes as covariates followed by a Tukey's post test were used to test for significance. The group signal means, p values, and fold changes versus wild type are consolidated in Supporting Information Table 4 . Gapdh and 18S rRNA were selected as reference genes to use as a basis for comparison in covariate analyses of selected genes of interest. One-way ANOVAs of 18S rRNA and Gapdh demonstrated that there were no significant shifts in expression among any group.
In assessing the DEGs, we first quantified changes in Shh as it has been identified as critical to the dorsal-ventral patterning of the telencephalon (Rash and Grove, 2007; Komada et al., 2008; Li et al., 2009; Ferri et al., 2013) and was identified as shifted in the meta-analysis. In general, Shh is a ventralizing factor in the forebrain and its actions are mediated by the Gli family of transcription factors and smoothened (Smo) (reviewed in Hebert and Fishell, 2008) . Our qPCR analysis demonstrated that the Vegf188 mice had a roughly 50% decrease in expression levels versus wild type and the Vegf120 mice (p < 0.1; Supporting Information Table 4 ). No other groups were statistically different, matching what we observed with the microarray analysis. One of the mechanisms of Shh regulation of dorsal-ventral patterning is through the downregulation of Pax6 (Ericson et al., 1997; Kioussi et al., 1999) .
Pax6 is a well-established marker of neural stem cells in the ventricular zone of the developing cortex, and expression of this key transcription factor is linked to maintenance of the neural stem cell phenotype, regulation of intermediate progenitor genesis, and neurogenesis (Ericson et al., 1997; Osumi, 2001; Heins et al., 2002; Jones et al., 2002; Englund et al., 2005; Bayatti et al., 2008; Osumi et al., 2008; Sakurai and Osumi, 2008; Sansom et al., 2009; Suter et al., 2009) . Despite the decrease in Shh expression, the microarray results demonstrated a general trend of decreased Pax6 expression in the Vegf isoform; however, the Bayesian ANOVA only detected the decrease as significant in the Vegf120/188 mice (Supporting Information Table 3 ). The qPCR analysis corroborated the microarray values wherein Pax6 was reduced roughly 60% in all of the Vegf isoform mice relative to wild type (p < 0.05, Supporting Information Table 4 ). Reduction in Pax6 may be indicative of a reduction in the early neural stem cell population or a premature transition from a proliferative to a differentiative state.
NSC differentiation along a neural lineage is also regulated by Neurog2 and expression of Neurog2 is directly regulated by Pax6 (Stoykova et al., 1997; Scardigli et al., 2003) . Correlating with decreased Pax6 expression, Neurog2 expression was significantly decreased in the Vegf188 and Vegf120/188 mice in the microarray. qPCR analysis confirmed the trend of decreased expression; however, it was only significantly different in the Vegf188 which had a 34% decrease relative to wild type (p < 0.05; Supporting Information Table 4 ). Fezf2 is also a welldescribed regulator of differentiation and is part of the network that can direct the differentiation of intermediate progenitors and early post-mitotic neurons in the neocortex (Shimizu et al., 2010) . Both the microarray and qPCR demonstrated a trend of decreased expression in the Vegf isoform mice relative to the wild type; however, Fezf2 was not significantly changed in either analysis (Supporting Information Tables 3 and 4 ). qPCR expression levels in the Vegf120 mice were onefold (Log2) lower than wild type (p 5 0.18) and Vegf120/188 (p 5 0.11).
NSC differentiation is dependent upon DNA methylation and epigenetic modification of the genome. These processes can regulate the transition from a proliferative NSC to a differentiating cell and a variety of modifying factors that impact transcription have been identified to date (reviewed in Hu et al., 2012) . Among these is Suz12, a member of the Polycomb Repressive Complex 2 (PRC2) that serves to regulate histone methylation (Pasini et al., 2004) resulting in direct consequences for transcription of target genes. Suz12 is expressed in the neocortex during development, and heterozygous gene knockout results in neural tube defects and brain malformations (Miro et al., 2009) . Microarray analysis showed a significant increase in Suz12 expression in the Vegf120 mice with no significant changes for the Vegf188 or Vegf120/188 mice. In support of these results, qPCR analysis indicated that Vegf120 and Vegf120/188 mean values were increased relative to wild type and Vegf188; however, the differences were not statistically significant (Supporting Information Table 4 ). Another epigenetic modifier, Dnmt3a, regulates gene expression through de novo methylation of CpG islands. Dnmt3a works in parallel with PRC2 to regulate gene methylation during developmental neurogenesis (Wu et al., 2010) . Transition from expression of Dnmt3b to Dnmt3a is an indicator of neuronal differentiation and marks the transition of an intermediate progenitor becoming an early post mitotic neuron (Watanabe et al., 2006) . Microarray analysis detected a significant decrease in Dnmt3a expression in the Vegf 188 mice, although no other groups were detected as significantly changed. qPCR quantification demonstrated that the Vegf188 mice, indeed, had a three-fold (Log2) lower expression compared to wild type, qPCR analysis also showed a 2.5 (Log2) fold lower expression the Vegf120 and Vegf120/188 (p < 0.05; Supporting Information Table 4 ).
To determine whether our qPCR results were comparable to the changes observed in the microarray meta-analysis, we conducted a correlation analysis using a subset of seven genes (Gapdh, SHH, Suz12, Dnmt3a, Pax6, Neurog2, and Fezf2) for each of the three genotype (WT versus Vegf isoform mice) comparisons. We compared Log2 fold changes of qPCR expression values (wild type versus each of the Vegf isoform mice) to their corresponding Log2 fold changes in the microarray expression values. We conducted a Spearman correlation analysis and determined that the shift in relative expression as detected in our microarray positively correlated with the values determined by qPCR (Fig. 4 , Spearman's r 5 0.693, p < 0.0002, m 5 0.71), confirming the qPCR validation of our array results. All the data are expressed as log2 values for comparison.
To characterize the functions of genes differentially expressed in the meta-array analysis among the Vegf isoform mice, we utilized the functional annotation clustering platform on the Database for Annotation, Visualization, and Integrated Discovery (DAVID) platform to identify functionally related gene groups. DAVID identifies gene ontology (GO) categories that are over-represented amongst a list of genes. Affymetrix Probe Ids of differentially expressed genes detected in the E9.5 isoform mice were uploaded into DAVID. Genes were identified in 11 GO categories using an enrichment score filter of 2.0 [ Fig. 5(A,B) , Supporting Information Table 5 ]. The first functional annotation cluster identified had the GO category transcription (134 probe ids). Within this cluster there were several probes identified for their roles in cell fate choice, Notch3, and neural development, Dachshund 1 (Dach1) and Dachshund 2 (Dach2). The second annotation cluster, GO Category positive regulation of transcription (46 genes), included Meis homeobox 2 (Meis2), Distalless homeobox2 (Dlx2), Sonic hedge hog (Shh), Srybox 4 (Sox4), Bone morphogenetic protein 4 (Bmp4), and Neurogenin 2 (Neurog2). GO category regulation of neurogenesis (19 probes) identified many of the genes listed above, but in addition included Inhibitor of differentiation 4 (Id4), Distal-less homeobox 1 (Dlx1), and Neuropilin 1 (Nrp1). The two functional annotation clusters with the highest numbers of identified probes were zinc ion binding (143 probe ids) and cation binding (238 probe ids). Within these categories were many transcription factors, cell signaling ligands, matrix interacting proteins, and epigenetic regulators, including members of the Notch signaling pathway, Jagged 1 and Jagged 2. Several ECM and ECM-interacting proteins were identified within these clusters including Versican and Integrin-alpha 6. The GO category neuron development (26 probe ids) contained several genes involved in neuronal migration and axon path find-ing, including chemokine receptor 4 (CXCR4), Eph receptor A7 (Epha7), Microtubule-associate protein 1B (Mtap1b), and Doublecortin-like kinase 1 (Dclk1). Another interesting functional annotation cluster had the GO category chromatin organization (30 probe ids). Genes in this category included histone deacetylase (Hdac9) as well as the methyltransferases, Set domain 8 (Setd8), DNAmethyltransferase 3 alpha (Dnmt3a), and Suz12.
QUANTITATIVE DIFFERENCES IN NSC OF DEVELOPING VEGF ISOFORM MICE
Because our data mining efforts from early forebrain sources had yielded a significant number of genes that had previously been associated with cell fate choices in NSC, we wanted to determine the consequence of a shift in Vegf isoform profile on subsequent neuroepithelial development. Therefore, we quantified proliferating cells in the ventricular zone in parallel with the early differentiating cells at E11.5. We immunolabeled mitotic cells within the ventricular zone using pHH3 and identified the early differentiating populations of NSCs using Tbr2 (Fig.  6) . At this stage, Tbr2 marks cells that have Figure 4 qPCR confirmation of the meta-array analysis. qPCR was conducted for seven genes and the Log2 fold change between wild-type and individual Vegf isoforms (y axis) was plotted against the Log2 fold change of their corresponding microarray probe expression values (x axis). The scale on both axes is Log2. The solid black line represents the regression line (m 5 0.71) and the dashed lines indicate the 95% confidence intervals. These latter values were used to remove outliers. We ran a Spearman correlation analysis on 24 (black circles) of the 27 pairs and obtained a positive r-value of 0.693 (p < 0.0002). Quantification and statistical analysis of the qPCR runs can be found in Supporting Information Table 4. differentiated into either early post-mitotic neurons and Cajal-Retzius cells of the pre-plate, or early intermediate progenitors of the subventricular zone (Hevner et al., 2001; Englund et al., 2005; Kowalczyk et al., 2009; Hodge et al,. 2013 ). In either case Tbr2 marks cells that have transitioned from a Pax6- Figure 5 Enriched gene ontology categories in Vegf isoform mice. DAVID analysis identified GO categories that were overly represented among the differentially expressed genes. Affymetrix probe identification numbers (Ids) of DEGs that were detected as significantly changed by BAMarray in the Vegf120, Vegf188, and Vegf120/188 microarray meta-analyses were uploaded as a single list into DAVID. Functional annotation clustering was run on the high setting with the Bonferroni adjustment and GO terms with an enrichment score within a range of 2-6 and p values less than 0.01 were reported; 417 unique differently expressed genes were identified by DAVID with GO categories that were statistically over-represented. The bar graphs represent the number of probe Ids for each functional category. Specific probe Ids as well as the DAVID statistics are located in Supporting Information Table 5 (A). The gene contribution from each group of Vegf isoform mice into the various GO categories was broken down into their relative proportions. Of these genes, roughly 40% were found changed in either the Vegf188 mice only or Vegf120 mice only. No genes were identified by DAVID as being unique to the Vegf120/188 mice (B). positive cell dividing along the ventricular surface to a cell that has differentiated and migrated toward the pial surface. We labeled all nuclei with a methylgreen counterstain and quantified volume and total cell number. Forebrain volume and total cell number were decreased in the Vegf120 mice as previously reported but was not significantly changed in the other Vegf isoform mice (Darland et al., 2011) . We Figure 6 Vegf regulation of NSC proliferation and differentiation. E11.5 wild types, Vegf120, Vegf188, and Vegf120/188 forebrains were sectioned in the parasagittal plane and immunolabeled with either pHH3 (A) or Tbr2 (B) and counterstained with methyl green. Representative images of a rostral portion of the telencephalon stained with pHH3 and Tbr2 are shown here in the wild-type mouse forebrain (3400 magnification, Scale bar 5 25 um). The E11.5 forebrains showed no major differences in the distribution of pHH3-or Tbr2-positive cells among the Vegf isoform mice or wild type (data not shown). A yellow arrowhead indicates a NSC dividing along the ventricular surface, and the red arrowhead shows a basal mitosis of a cell dividing away from the ventricular surface. Counts of pHH3-positive, Tbr2-positive cells, and total neuroepithelial cells of the forebrain were completed using Stereoinvestigator (B). Groups were tested for significant differences using a one-way ANOVA followed by a Dunnett's post-test using wild types as the control. The Vegf120 mice showed a significant reduction in total neurolepithelial cells and pHH31 cells versus wild type. (p < 0.05, wild type n 5 6, Vegf120 n 5 4) The Vegf188 mice showed reduced numbers of Tbr21 cells compared to wild type (p < 0.05, Vegf188 n 5 3). The Vegf120/188 mice were not statistically significant from wild type in any category (p > 0.05, n 5 6). Errors bars represent standard error of the mean (red error bars were included in the pHH3 graph for clarity).
counted proliferating NSCs within the putative Pax6positive ventricular zone in E11.5 forebrains from the Vegf isoform mice (Osumi, 2001; Darland et al., 2011) . We previously reported that the Vegf120 mice had a decreased pHH3-positive NSC population as well as a decrease in total neuroepithelial cells (Darland et al., 2011) . Despite this decrease in overall cell numbers, the Vegf120 mice maintained an equivalent number of Tbr2-positive cells compared to wild type. Therefore, additional wild types (n 5 6) and Vegf120 (n 5 4) were counted as well as Vegf188 (n 5 3) and Vegf120/188 mice (n 5 6). Our results were consistent with previous stereological counts for Vegf120 mice, with a decrease in overall neuroepithelial cells, and pHH3-positive cells, compared to wild type (p < 0.05). The Vegf120 isoform mice had decreased pHH3-positive cells compared to the Vegf120/188 mice (p < 0.05). The Vegf188 showed no significant changes in the total number of neuroepithelial cells or pHH3-positive cells, but the Vegf188 did have a significant decrease in Tbr2-positive cells compared to wild type (p < 0.05). The Vegf120/188 mice were not statistically different from the wild type mice in pHH3-positive, Tbr2-positive cells, or total neuroepithelial cell number.
To determine if the decrease in total neuroepithelial cell number in the Vegf120 forebrain was due to an increase in cell death at E11.5, we examined protein levels of cleaved and uncleaved Caspase 3 using western blots. Cleavage of Caspase 3 is associated with the initiation of apoptotic pathways (Janicke et al., 1998; Hemachandran et al., 2002; Ouyang et al., 2012) . We found that there was no difference in the ratio of cleaved Caspase 3 to Pro-Caspase 3 among or between any of the wild type or Vegf isoform mice (Supporting Information Fig. 4 ) at E11.5.
Given the changes we saw at E11.5 in the proliferating and differentiating NSC populations we wanted to determine if there were any overt consequences to early cortical layering. We conducted a histological survey at P0, an embryonic time point at which early cortical layers V and VI have been initiated but the boundaries for the upper layers are not yet clearly defined (Price et al., 2006) . Analysis of hematoxylinstained P0 sections revealed marked differences between the wild type and Vegf isoform mice and a representative series is shown (Supporting Information Fig. 5 ). At the caudal-most end of the lateral ventricle, just prior to the emergence of the hippocampus and dentate gyrus, we observed a qualitative reduction in several of the presumptive cortical layers in the Vegf isoform mice compared to wild type. The Vegf120 mice had increased cerebrovascular hemorrhage associated with their decreased vascular integ-rity and early postnatal lethality as has been previously reported (Carmeliet et al., 1996; Ruhrberg et al., 2002; Stalmans et al., 2002) .
To look more specifically at the changes in cortical layering, we tracked expression of Coup-TF interacting protein 2 (Ctip2), a factor that has been associated with cell fate choice in upper cortical layers (Molyneaux et al., 2007; Fishell and Hanashima, 2008) . Ctip2 immunolabeling of the caudate putamen revealed comparable patterns of distribution with positive nuclei clustered ventral and medial to the developing cortical layers (Supporting Information Fig. 6 ). In contrast, the Ctip2-positive nuclei of cortical layer V were distributed across a wider band in the VEGF188 mice and VEGF120/188, relative to the wild type (Supporting Information Fig. 6 ).
DISCUSSION
Our results support the hypothesis that the composition of Vegf isoforms present in the microenvironment of the forebrain contributes to early cortical neurogenesis. Vegf and its receptors are expressed at the proper times and places to coordinate the establishment of the vasculature and development of NSCs in the forebrain (Darland et al., 2011) . We were particularly interested in the E9.5 developmental stage as a crux point for gene expression changes responsible for laying the groundwork for subsequent NSC differentiation and eventual neocortical layering. An advantage of this early time point is that it occurs before extensive vascularization of forebrain neuroepithelium. The blood vessels at the pial surface have not significantly invested the neuroepithelium at E9.5, which, in turn, reduces the confounding vascular variable for interpreting the gene expression results.
The expression shifts detected in the Vegf isoform mice transcriptomes provided evidence that early forebrain neuroepithelium is responsive to altered Vegf bioavailability. The neuroepithelial transcriptome expression patterns are unique among the different Vegf isoform mice, demonstrating that each Vegf isoform has the capacity for eliciting different downstream effects on gene expression. The transcriptome expression patterns in the Vegf120 and Vegf188 mice were unique. The Vegf120/188 mice displayed a transcriptome profile that was a blend of the Vegf120 and Vegf188 expression patterns, rather than a recapitulation of wild type expression. This evidence implies that Vegf120/188 mice are not a rescue of the wild type phenotype, at the transcriptome level, but rather represent a 'loss of function' phenotype with respect to the primary Vegf164 isoform. The Vegf120/188 does rescue the Vegf120 phenotype, in that the Vegf120/188 mice are overtly healthy and viable, whereas their Vegf120 counterparts are early post-natal lethal. Therefore, addition of a single allele of Vegf188 codes for sufficient protein to allow post-natal development to proceed in these mice.
The microarray results provide evidence that altering Vegf bioavailability in the microenvironment can alter NSC fate decisions. Many of the differentially expressed genes detected in the meta-array analysis and identified as enriched by DAVID with regard to GO function can be linked directly to processes involved in regulation of cell fate choice and NSC differentiation. A predicted protein interaction network, generated with the Search Tool for the Retrieval of Interacting Genes (STRING 9.0; Fig. 7 ) and using genes mined by DAVID clustering as well as several other genes of interest (Vegf, VegfR1, VegfR2, Tbr1, and Tbr2) provided an additional platform to identify potential pathways downstream of Vegf isoform mediated changes related to neocortical development. The STRING network demonstrated a potential role for Vegf as a bridging factor in neurovascular development by linking several factors important to both vascular patterning and neural development, such as Nrp1, Nrp2, and Notch3. Genes were identified with links to Vegf that were functionally associated with NSC specification and fate choice, migration, and epigenetic modification.
The STRING network linked Vegf and its receptors to factors essential to forebrain patterning and specification, Bmp4 and Shh (Ericson et al., 1995a,b) . Both Shh and Bmp4 are well known for their abilities to specify cell fate based on their signaling gradients and distribution in the microenvironment. These two genes directly linked to other genes involved in the regulation of NSC proliferation and differentiation (i.e., Notch3, Jag1, Jag2, Pax6, and Neurog2). Pax6 is necessary for proper differentiation and stem cell fate choice in the developing forebrain (Sansom et al., 2009; Larsen et al., 2010) . Reduced or lost expression of Pax6 at this early time point would potentially result in changes in forebrain patterning including establishment of the pallialsubpallial border (Georgala et al., 2011; Duan et al., 2012) . Pax6-positive cells shift their expression profile to become Tbr2-positive cells as they differentiate and migrate away from the ventricular zone. These cells, in turn, express other markers of differentiation as they concomitantly migrate and stratify into the six layers of the neocortex. One such example is the differentiation of Tbr2-positve cells to Tbr1-positive cells, at E12.5-13.5, and their subsequent migration into layer VI (Hevner et al., 2001) . Levels of Pax6 are particularly important in maintaining the balance between NSC proliferation, maintenance, and differentiation. Both gain of function and loss of function studies of Pax6 demonstrate that altered Pax6 results in altered neurogenesis and directly affects the number of the upper layer cortical neurons (Stoykova et al., 1997; Jones et al., 2002; Guillemot et al., 2006; Quinn et al., 2007; Sansom et al., 2009; Tuoc et al., 2009) . Neurog2 is important in the differentiation of neurons and its developmental expression is directly regulated by Pax6 (Scardigli et al., 2003) . Both Neurog2 and Dlx2 contribute to NSC fate choice and interact through Notch signaling (Yun et al., 2002; Scardigli et al., 2003; Ochiai et al., 2009 ). Pax6 and Neurog2 regulate NSC exit from the cell cycle, which in turn affects differentiation of upper layer neurons (Quinn et al., 2007; Tuoc et al., 2009) . Shifts in expression of Pax6, Neurog2, Dnmt3a, Dlx1, and Dlx2 detected in the E9.5 microarrays provide evidence that the early NSC populations are vulnerable to changes in the Vegf isoform profile with regard to their cell fate decisions. Loss of Dnmt3a is linked to reduced expression of Neurog2 and Dlx2, both of which are genes critical to neurogenesis (Feng et al., 2007; Wu et al., 2010) . Any factor affecting genes involved in these early stepwise NSC fate decisions would have adverse consequences on subsequent neocortical development.
Supporting this idea is the broader distribution of layer V Ctip2-positive cells at P0 in the VEGF188 and VEGF120/188 mice, implying a role for VEGF in either the establishment of layers in the neocortex by directly influencing the migration and localization of differentiating NSCs. Supporting this idea of VEGF misexpression altering post-mitotic neuronal migration is our microarray data that identified Dlx1, Dlx2, and CXCR4 as differentially expressed in the VEGF isoform mice compared to wild type. Knockout mice for these genes have demonstrated significant changes in interneuron migration and neocortical lamination (Anderson et al., 1997; Stumm et al., 2007; Wang et al., 2011) further highlighting their critical role in cell fate decisions.
Taken together, our transcriptomic data analyses lend supporting evidence linking an altered pattern of Vegf isoform expression to shifts in genes controlling NSC specification and determination with consequences for balancing NSC differentiation and proliferation. Vegf120 mice have reduced neuroepithelial volume, total cell number, and reduced pHH3positive proliferating cells with unaltered Tbr2positive populations [Darland et al., 2011, Fig . 6(B) ] with the implication that non-diffusible Vegf isoforms are necessary to maintain NSC proliferation. The Vegf188 and Vegf120/188 mice had statistically equivalent levels of pHH3-positive cells compared to wild type in agreement with the idea that a localized source of Vegf may be necessary for maintenance of NSC proliferation. The Vegf188 forebrain had reduced numbers of Tbr2-positive cells, the loss of which may be correlated with the reduced expression of Pax6, Neurog2, and Dnmt3a in the Vegf188 Figure 7 Predicted protein interactions network with a subset of differentially expressed genes identified in the Vegf isoform mice. We used the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) to generate evidence-based links between and among genes identified from DAVID analysis of the top enriched gene clusters. Gene acronyms were incorporated into STRING using default settings. The components in this STRING model were simplified from a network originally constructed from genes identified as over-represented in functional categories as determined by the DAVID analysis. Blue lines indicated direct evidence linking proteins with the thickness of the line reflecting confidence of interactions based upon the number of database links. The lengths of the lines, the inner color, and the size of the nodes have no significance in this schematic (small nodes indicate that no protein structure data was available). To aid in network building, we incorporated five additional genes into the STRING model: Tbr1, Tbr2/Eomes, Flt1/ VegfR1, Kdr/VegfR2, and the VegfA (Vegf). Transcription factors have been circled in red, receptors in blue, growth factors in green, and chromosomal modifiers in gold. Genes of particular interest are indicated with a green star (Neurog2, Shh, Pax6, and Dnmt3a). Vegf is boxed to highlight its key position within the evidence network. The STRING network links differentially expressed genes in the Vegf isoform mice with Vegf and its receptors, providing new directions for study involving Vegf regulation of cell fate choice. Potential effectors for modifying epigenetic regulation of gene expression, Suz12 and Dmnt3a, were networked to Vegf through Snai1 or Shh. Pax6, a key regulator of NSC proliferation and neurogenesis, links to Vegf indirectly through Shh and Bmp4. Pax6 is in turn linked to regulators of differentiation Neurog2 and Dlx1, as well as markers of differentiation, Tbr1 and Tbr2. isoform mice. Pax6-positive cells contribute directly to the genesis of Tbr2-positive cells, so a reduced Pax6-positive population would have significant consequences for intermediate progenitor cells and differentiation of post-mitotic neurons (Quinn et al., 2007) . The reduction in Tbr2-positive cells at E11.5 in the Vegf188 mice may represent a failure of Pax6-positive neural stem cells to differentiate into Tbr2-positive cells or an early departure of the Tbr2positive cell populations down a further differentiated cell fate choice (i.e., Tbr1-positive). The Vegf120/ 188 mice resembled wild-type mice with regard to numbers of pHH3-and Tbr2-positive cells indicating that the presence of both diffusible and locally retained Vegf isoforms may act as a functional rescue in animals lacking the Vegf164 isoform. However, the evidence for the Vegf120/188 mice as a rescue animal may not be that clear cut, given that the Vegf120/188 mice showed the largest numbers of altered genes in the microarray compared to the E9.5 wild types. The gene expression pattern of the Vegf120/188 isoform mice was closer to that of the Vegf120 and Vegf188 mice than it was to the wildtype mice. This intermediate pattern of expression may reflect a level of phenotypic plasticity in the Vegf120/188 mice that shifts gene expression in an effort to develop the normal forebrain structure in the absence of Vegf164.
The role of Vegf in the coordination of neurovascular development is complex. Vegf and its receptors are expressed by both neuronal and vascular cell types during cortical development, and many of Vegf's downstream effectors have been shown to play a role in both angiogenesis and neurogenesis. Observing the direct effects of Vegf on neural development is often confounded by potential indirect effects caused by the impaired vasculature. However, despite these difficulties, it is clear that the Vegf isoforms plays an important role in the development of cortex. By looking early on in development, we minimized indirect effects of abnormal vasculature and identified Vegf isoform-specific shifts in the expression of genes important to NSC differentiation independent of vascular compromise. We demonstrate that the Vegf isoform profile does affect NSC proliferation and differentiation, with the loss of diffusible isoforms (Vegf120 and Vegf164) resulting in decreased Tbr2-positive cell differentiation and the loss of nondiffusible (Vegf188 and Vegf164) isoforms causing reduce proliferation at the ventricular surface. Our findings imply that the Vegf isoforms serve to guide and fine tune NSC development by mediating the balance of their proliferation and differentiation.
